Half-Heusler compounds have a possibility as a new thermoelectric material due to the large thermoelectric power and low thermal conductivity derived from the band structure and voids in the crystal, respectively. Among these materials, we have paid attention to (Ti,Zr,Hf)CoSb system, and have investigated the improvement of the thermoelectric figure of merit from the measurements of the electrical resistivity, thermoelectric power, and thermal conductivity. We obtained the largest ZT ¼ 0:027 on TiCoSb at 921 K. From the analysis by Jonker plot and the difference of the atomic radii between titanium and cobalt on TiCoSb, it is indicated that the dispersion between our data and a few previous data was originated in two effects: one is deviations from the stoichiometric composition by evaporation of antimony on arc melting, and the other is relaxation of the structural disorder by annealing.
Introduction
Half-Heusler compounds MCoSb [1] [2] [3] and MNiSn 4) (M ¼ Ti, Zr, Hf) have a cubic MgAgAs-type structure, and are built from two NaCl-type sublattices. One of the sublattices consists of lower valent transition elements of M and sp atoms of Sn or Sb, and the other consists of higher valent transition elements of Co or Ni and vacancies. These compounds have the space group of F4=3m (No. 216). The structure changes by the combinations of composing elements, for example, ZrNiSb, HfNiSb, 5) and ScCoSb 6) are a TiNiSi-type structure, which is off cubic structure. The halfHeusler compounds have low thermal conductivity because of the higher valent transition elements and vacancies arranged by turns in their sublattice in comparison with normal Heusler compounds, in which the vacancies are buried by the higher valent transition elements. Generally, the half-Heusler compounds have been known to have a large thermoelectric power because of the existence of a gap and sharp slope of the density of states around the Fermi level. In case of a valence electron count of 18, the Fermi level is near the top of the valence band [7] [8] [9] [10] [11] and such materials show semiconducting properties. By increasing and decreasing the valence electron count from 18, the electrical and magnetic properties change. The materials become metallic or semimetallic, and their magnetic property changes from nonmagnetic to Pauli paramagnetic or weakly ferromagnetic. 8, [12] [13] [14] [15] [16] As the system of the valence electron count of 18, (Ti, Zr, Hf)NiSn system and the substitutions for each sites have extensively studied as a promising thermoelectric material in recent years. For (Ti, Zr, Hf)CoSb system with the same valence electrons, TiCoSb was first reported by Gladysevskij et al. 1) and Kripjakevic and Markiv 2) (1963), and ZrCoSb and HfCoSb by Marazza et al.
3) (1974). According to Terada et al., 17, 18) TiCoSb shows paramagnetism nearly independent of temperature and does not have a magnetic moment above 80 K. Also, they have reported that the magnitude of the magnetic susceptibility increases by a heat treatment, which is due to a small amount of a precipitated ferromagnetic phase. Similar magnetic property of TiCoSb has been demonstrated in the past reports on TiCoSn x Sb 1Àx , 8, 19) TiCo 1Àx Ni x Sb 20, 21) solid solution, and so on. 22) The thermoelectric properties of TiCoSb have been reported in large number below the room temperature, 19, 20, 23) and there are data by Xia et al. 24) and Zhou et al. 21) for temperature up to 800 and 900 K. Until now, we have studied these 18 valence electron systems. [25] [26] [27] [28] In this paper, we discuss the thermoelectric properties of (Ti, Zr, Hf)CoSb systems at high temperature region up to 973 K.
Experimental
Ingots of TiCoSb, ZrCoSb, and HfCoSb were made by an arc melting from the appropriate quantities of the constituent elements under argon atmosphere. The purity values of the starting materials are titanium >99:5%, zirconium 99.7%, and cobalt and antimony >99:9% purity, and hafnium >99:9%. All the ingots were remelted at least five times in order to homogenize. To examine the sample purity and determine the lattice parameter, the X-ray diffraction data were collected on a diffractometer on RINT2000 (Rigaku) with Cu K radiation in air at room temperature. The sample microstructures were observed by using a field-emission scanning electron microscopy (FE-SEM). The chemical compositions of the ingots were determined using an energy-dispersive X-ray (EDX) analysis in vacuum at room temperature. The thermoelectric power and electrical resistivity were measured by a four probe method on ZEM-1 (ULVAC) under helium atmosphere from 350 to 973 K. The thermal conductivity was calculated from the heat capacity, thermal diffusivity, and density. The heat capacity was measured in a differential scanning calorimeter (DSC, 29) ULVAC) in argon atmosphere with a flow rate of 100 ml/min from room temperature to 823 K by a scanning method. The thermal diffusivity was measured by a laser flash technique on TC-7000 (ULVAC) in vacuum from 350 to 973 K, and the density was measured at room temperature.
Results and Discussion
In Fig. 1 , we show the results of the powder X-ray diffraction patterns from 20 to 150 degrees. The separations of the peaks were observed at the range of 2 > 50 degrees, * Graduate Student, Osaka University Materials Transactions, Vol. 46, No. 7 (2005) pp. 1481 to 1484 Special Issue on Thermoelectric Conversion Materials #2005 The Thermoelectrics Society of Japan which is due to the separation of K 1 and K 2 because these separations equally exist in the peaks of a silicon standard sample. All the samples were identified as a cubic phase, but TiCoSb, ZrCoSb and HfCoSb have a small amount of impurities of CoTi, Zr and CoZr 2 , and Hf and CoHf, respectively. It seems that these impurity phases are due to the evaporation of antimony at arc melting. Each lattice parameter of TiCoSb, ZrCoSb, and HfCoSb is 0.58845, 0.60648, and 0.60411 nm, respectively, which almost agree with the literature data of TiCoSb, 1, 2, 8, [18] [19] [20] [21] and ZrCoSb and HfCoSb. 3, 30) We detected the impurity phases on TiCoSb 28) and HfCoSb but not for ZrCoSb from the surface observation by SEM. We show the FE-SEM photograph of the surface of TiCoSb in Fig. 2 . In this figure, the grain and grain boundary microstructure can be observed. The grain region is TiCoSb phase, and the grain boundary region is CoTi phase. The average compositions of the grain determined by the EDX analysis some points are Ti 0:96 Co 1:03 Sb, Zr 0:95 Co 1:03 Sb, and Hf 0:94 Co 1:09 Sb. The obtained composition of Zr 0:95 Co 1:03 Sb on ZrCoSb may be incorrect because of the incomplete distinction from the impurity phases. Our samples are slightly Co-rich composition compared to the stoichiometric composition.
The electrical resistivities of MCoSb (M ¼ Ti, Zr, Hf) are shown in Fig. 3 . In comparison to the value of the hightemperature resistivity reported in the literatures, 8, 19, 20, 24, 28, 31) our measured values are rather small. The lowest resistivity is measured on HfCoSb.
The thermoelectric power S is shown in Fig. 4 , and which shows negative values. TiCoSb has the largest value. The result on TiCoSb is smaller than those reported in the literatures. 20, 24, 28) For example, our measured value is À150 mV/K at about 350 K, while all the past reports show above À150 mV/K at 300 K. The results on ZrCoSb and HfCoSb are close to the literature data reported by Xia et al. 31) and Melnyk et al., 30) respectively. The power factor given by S 2 = is shown in Fig. 5 . The largest value is obtained as 3:01 Â 10 À6 W/K 2 cm at 635 K for TiCoSb.
In the temperature range between 400 and 820 K, the empirical equation for the heat capacity C P of TiCoSb, ZrCoSb, and HfCoSb is determined as follows:
where the parameters are determined from the experimental data. The parameters are summarized in Table 1 . The thermal conductivities of MCoSb (M ¼ Ti, Zr, Hf) are shown in Fig. 6 . The values become small in the following order; HfCoSb, ZrCoSb, TiCoSb. In comparison From the above-mentioned data, we calculated the dimensionless figure of merit ZT as shown in Fig. 7 , which equals S 2 T=. The largest ZT is 0.027 at 921 K on TiCoSb. In case of an ideal n-type semiconductor, the electrical resistivity is written as:
where n, q and represent the electron concentration, electron charge and mobility, respectively. In case of a typical n-type semiconductor in an impurity conduction region, the thermoelectric power is written as:
where k, N and A are Boltzmann's constant, the density of states and transport parameter, respectively. Substituting n of equation (2) into equation (3), S takes the form of:
where t and u are given by t ¼ Àk=q log 10 e ; À198=mV/K ð5Þ
The eq. (4) indicates that a plotting of the thermoelectric power versus the common logarithm of electric conductivity results in a straight line with the slope being a constant value of À198 mV/K. This method has been known as Jonker plot, 32) which is very useful in analyzing the conduction mechanism. By calculating u from this plot, we can estimate the maximum value of the power factor. Figures 8 and 9 show the thermoelectric power and power factor versus the common logarithm of electric resistivity on TiCoSb at about room temperature, respectively. Open circle represents the present data at 348 K, and solid circles and squares represent Table 1 Parameters of equation (1) for TiCoSb, ZrCoSb, and HfCoSb. the data from two past reports. 20, 24) Arrows represent the no annealing samples. In Fig. 8 , the solid line is a least squares fitting line except for the no annealing samples, whose slope is fixed to À198 mV/K of the theoretical value. In Fig. 9 , the solid curve is derived from the fitting line in Fig. 8 . This result may be related to the change in the carrier concentration due to the structural disorder effect reported on (Ti, Zr, Hf)NiSn systems, [33] [34] [35] and/or deviations from the nominal composition by evaporation of antimony at arc melting. The structural disorder effect in the former case implies that the similar sizes of atoms lead to a mutual substitution in the crystal. The atomic radii of titanium and antimony are 0.146 and 0.159 nm, respectively. 36) This difference of the atomic radii is very large compared to the case of ZrNiSn, where the atomic radii of zirconium and tin are 0.160 and 0.155 nm, 36) respectively. This indicates that the structural disorder effect on TiCoSb is much smaller than that on ZrNiSn, which is considered as the main cause for the scattered data on TiCoSb derives from the latter case. As the number of titanium decreases and the number of cobalt increases compared to the number of antimony, the data are located at the upper left in Fig. 8 , and the samples show lower electrical resistivity and thermoelectric power. We assume that these deviations may lead to a change in the band gap, density of states, and carrier concentration, which are related to the thermoelectric properties.
Conclusion
The half-Heusler compounds of TiCoSb, ZrCoSb, and HfCoSb were prepared by arc melting. From the measurements of the thermoelectric properties on (Ti, Zr, Hf)CoSb at high temperature, we obtained the largest ZT ¼ 0:027 for TiCoSb at 921 K. The difference between our data and some previous data reported in the literatures may be derived from the deviations from the stoichiometric composition by evaporation of antimony on the arc melting process, and the relaxation of the structural disorder effect caused by the annealing process. TiCoSb present data Xia et al. (24) Stadnyk et al. (20) Fig. 9 Power factor estimated from Jonker plot on TiCoSb at around room temperature. Open circle and solid marks represent the present data and quotations from past two reports, respectively. Arrows represent the no annealing samples. The solid curve is derived from the fitting line in Fig. 8 .
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